A s y m m e t r i c [ 3 , 3 ] -S i g m a t r o p i c R e a r r a n g e m e n t s Udo Nubbemeyer Abstract: The synthesis of new complex structures is still a challenge in preparative organic chemistry. Focusing on the generation of defined stereogenic centers, the [3,3]-sigmatropic rearrangements are known as reliable reactions. Always, a highly ordered transition state must be passed through, which allows the shift of chiral information from the reactant into the nascent product. Generally, the complete [1,3]-and, frequently, the [1,4]-chirality transfer enables one to predict the configuration of the new centers.
Introduction
The efficient syntheses of complex molecules such as natural and pharmaceutically important products are still a challenge in organic chemistry. Primarily, key compounds with a defined constitution and defined stereogenic properties have to be generated. Such intermediates serve as starting materials for further synthetic efforts to produce the desired targets.
The Claisen and the Cope rearrangements are known as reliable protocols to generate defined configured tertiary and quaternary carbon centers as well as complicated C atom-heteroatom bonds. 1 Regarding the Cope rearrangements, the reversibility has to be taken in account. The layout of the reactant should guarantee the unique sense of such a process. Generally, the [3,3]-sigmatropic processes are characterized by the formation of highly ordered transition states where repulsive interactions are minimized (Scheme 1). In combination with defined olefin geometry, the stereospecific bond reorganization of the reactant allows the prediction of stereogenic properties of the product.
Scheme 1 [3,3]-Sigmatropic rearrangements
Focusing on the syntheses of optically active compounds, four different strategies can be used to introduce the chiral information.
The simplest way to introduce chiral information is the resolution of target molecules. Generally, such a strategy can offer the advantage of a simple and short synthesis, no special requirements concerning the stereochemistry (except diastereoselectivities) have to be considered, but such methodology suffers from the fact, that 50% of product (the wrong enantiomer) has to be wasted.
A second strategy can be seen as an ex-chiral-pool process placing the chiral information in the six centers that are reorganized during the course of the rearrangement. Easily accessible optically active allylic alcohols, amines, and thiols are converted into g,d-unsaturated carbonyl compounds (Claisen and hetero-Cope rearrangements). The newly generated chiral carbon atom gains the stereochem-ical information through a complete [1, 3] -chirality transfer, i.e. from the reactant chiral C-X fragment and defined configuration of the double bonds. The success of the defined C-C bond formation strongly depends on the quality of the reactant allyl system. Generally, such a fragment should be easily prepared by means of well known processes like Sharpless reactions, 2 enantioselective reductions of carbonyl compounds, 3 and enzymatic processes. 4 Until now, this strategy is mostly applied to [3,3]-sigmatropic rearrangements to construct optically pure compounds.
The third strategy combines rearrangement and the introduction of the chiral information in a single step. The socalled external asymmetric induction requires the well known highly ordered transition state of the (achiral) [3,3]-sigmatropic system and, additionally, a defined orientation of the chiral subunit to achieve a maximal asymmetric induction. Considering the fact, that a majority of the [3,3]-sigmatropic processes are run at high temperatures, the latter prerequisite of a defined conformation is not so easy to fulfil and stereoselective rearrangements seem to be the exception. Hence, the development of externally directed asymmetric [3,3]-sigmatropic rearrangements remains a challenge.
High external asymmetric induction can be achieved in so called diastereoselective rearrangements. Here, the original chiral information is placed in the core of the reactant and is maintained in the body of the molecule during the rearrangement and beyond it -until the formation of the target molecule. In contrast, the rearrangements are termed enantioselective since the original chiral information is placed in an auxiliary or a metal complex. Recent efforts are summarized in this review.
The fourth strategy can be understood as the high end of an external controlled asymmetric induction. A chiral catalyst can be used to introduce the chiral information during the course of the sigmatropic rearrangement. Until now, only a few examples of successfully enantioselective catalytic Claisen and Cope rearrangements has been reported. An excellent overview of catalyzed Claisen rearrangements, has recently been published by Hiersemann.
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The first successful efforts are briefly summarized in this paper.
Asymmetric Claisen Rearrangements: Classification
The Claisen rearrangement is the most used [3,3]-sigmatropic rearrangements, due to the ease of generation of the intermediate allyl vinyl system, along with the smooth and irreversible formation of the product, making this reaction applicable in numerous fields of organic synthesis.
Subdividing the asymmetric variants of the Claisen rearrangements, diastereoselective reactions characterized by high remote stereocontrol generally place at the inducing chiral center adjacent to position one and six (Scheme 2). Additionally, several examples have been described employing the crucial stereochemical information in another position, alternatively more than one chiral center can influence the outcome of the rearrangement. (1989) (1990) , investigating reactions of ketenes and allyl sulfides, and also the generation of functionalized cyclobutanones. In 1991 he moved to the Freie Universität Berlin to begin his 'Habilitation' in the group of Prof. Dr. J. Mulzer; this was completed in 1996. Since then he has been working as assistant lecturer at the FU Berlin. From 1999-2001 he held a temporary professorship of Organic Chemistry at the Technische Universität in Dresden. In 2002 he started his current position as associate professor of organic chemistry at Mainz University. His major topics of interest are olefin synthesis, aza-Claisen rearrangements, radical cyclizations, medium-sized rings, total synthesis of natural and pharmaceutically important products, alkaloids, eicosanoids, steroids, and amino acids.
In the recent past, auxiliary controlled Claisen rearrangements have gained increasing interest. A systematic analysis shows there are three general positions, X, Y, and Z, at which the chiral information can be attached to the allyl vinyl core unit (Scheme 3).
The chiral subunit can be bound to position X, if X is a nitrogen atom. In addition to the vinyl and the allyl substituent, a third substituent, a chiral center can be attached next to the rearrangement core. Due to the close proximity of the chiral information to the rearrangement site this should result in maximum asymmetric induction.
The attachment of a chiral fragment at position Y can be achieved using an electronegative heteroatom Y. Predominantly, O and N are incorporated in such reactants. Here, ketene acetal and amide acetal reactions will be discussed. The results of Ireland ester enolate rearrangements involving chiral metal complexes are summarized in chapter 5.
Until now, the placing of a chiral substituent in position Z allowed for the most extensive variation, some overlap with the remote stereocontrol part (inducing center placed adjacent to position 1) cannot be avoided. Generally, the chirality-inducing subunit should be simply attached to an oxygen or a nitrogen atom (Z = O, N), but in such a case, any potential rotation with respect to the C-Z-C bonds has to be suppressed to achieve high diastereoselectivity. Hence, metal chelates serve as efficient tools to fix defined transition state conformations and to maximize asymmetric induction.
Scheme 3 Positions of covalently bound chiral auxiliaries
The use of chiral metal complexes for efficient asymmetric induction is in the domain of ester and amide enolate Claisen rearrangements. Always, the reactant esters and amides are deprotonated at low temperature. After adding a Lewis acid metal salt and a chiral ligand, the [3,3]-sigmatropic rearrangement is started under mild conditions, allowing high levels of asymmetric induction to be achieved. The major disadvantage is, at least equimolar amounts of the metal salt and the chiral ligand must be used as the product represents a better ligand system for the metal complex. Attempts at developing catalytic reaction conditions fails in most cases, a final hydrolysis is necessary to separate rearrangement system and metal salt (Scheme 4).
Scheme 4 Chiral metal salts as chiral auxiliaries
Until now, real enantioselective catalytic Claisen rearrangements are more or less exceptions. The first successful reactions reported involved the conversion of allyl amidates into the corresponding carbamates employing chiral palladium catalysts.
Scheme 5 Catalyzed enantioselective rearrangements
First promising results building up new C-C bonds have been published recently.
Remote Stereocontrol in Claisen Rearrangements
With the intention of achieving maximum asymmetric induction via remote stereocontrol, the chiral information should predominantly been placed next to the nascent sigma bond formed during the course of the rearrangement, carrying the new chiral centers. Hence, the stereodirecting subunit must be attached to position 1 and 6, respectively. Always, a single defined transition state conformation causes a highly selective reaction. In the majority of rearrangements, mild reaction conditions and low temperatures are thought to exploit weak electronic effects for obtaining diastereoselective conversions.
Stereogenic Center at C1
As a matter of principle, the arrangement of a stereodirecting center adjacent to C1 seems to be a simple approach. Analyzing such a plan more carefully, some restrictions become obvious. On one hand, the vinyl double bond must be assembled stereoselectively to avoid the formation of mixtures of diastereomers. On the other hand, easily accessible optically active C-X groups serve as efficiently directing subunits. In the present special case, the C-X bond occurs in the b-position with respect to the reactant carbonyl group. The formation of the vinyl double bond should suffer from some b-elimination as a competing process. Thus, only a few examples are published in this field.
Sreekumar reported the rearrangement of b-hydroxy dithioketene acetals 1. 5 Since the rearrangement without any catalyst gave a mixture of minor syn-2 and major anti-2 products, the rearrangement in the presence of a zeolite resulted in the exclusive formation of the syn-dithioester syn-2. The authors postulated an adsorption of the reactant onto the surface of the aluminum silicate in such a way, that the bulky R-group forced the attack of the allyl chain in a trajectory that minimized repulsive interactions, during the course of the rearrangement. Consequentially, the syn-product syn-2 occurred as a single diastereomer in high yield. The reaction has not yet been tested with enantiopure material to exclude any intermediate condensation/re-addition of H 2 O (Scheme 6).
Scheme 6
A related rearrangement has been described by Beslin. 6 The conversion of (S)-allyl thioamide acetal 3 gave the corresponding syn-thioamides 4 in a ratio of 98:2 and about 70% yield. The stereochemical outcome was interpreted as a stereoelectronic effect which favored the arrangement of the allyl subunit syn to the OH function. Again, the reaction was not carried out with optically active material (Scheme 7).
Scheme 7
Rizzacasa et al. tested an Ireland ester enolate rearrangement as a key step in the total synthesis of the phospholipase A 2 inhibitor (-)-cinatrin B. 7 Starting from Darabinose, the furane carboxylic acid 5 was generated in five steps. The esterification with racemic side chain allyl alcohol 6 delivered 7 and the subsequent Ireland-Claisen rearrangement gave the corresponding product 8 containing the quaternary center. Carefully developed reaction conditions and the use of HMPA as a co-solvent were reported to be necessary to suppress the competing b-elimination while deprotonating the ester. The conversion was found to proceed with a high yield of 95%, but with a disappointing diastereoselectivity of about 43:57 8a/8b (dr 1.3:1). The use of enantiomerically pure allylalcohol 6, increased the dr values to 2.7:1 [(S)-6] and 2.1:1 {(R)-6}. The result was explained by an incomplete [1, 4] chirality transfer. After the deprotonation, a mixture of Eand Z-ester enolates were formed through defined transition states during the reorganization of the bond system. Obviously, the external stereodirecting power of the C1 in 7 was too weak to overcome the selectivity determining requirements of the internal chirality transfer. However, the diastereomers 8a and 8b were separated and the envisaged total synthesis was successfully completed (Scheme 8).
The synthesis of optically active 2,3-disubstituted succinates could be achieved starting from allylester 9.
8 After deprotonation and trapping of the enolate as TBS ketene acetal 10, the Ireland rearrangement gave the corresponding carboxylic acid 11 with 9:1 anti-diastereoselectivity and 55% yield. The intermediate E-ketene acetal was forced to adopt a transition state conformation in which allyl strain was minimized: the allyl group preferentially approached from the ester face minimizing the repulsive interactions caused by the sp 2 systems. The disfavored sp 3 /sp 2 combination represented by a close proximity of allyl and i-Bu could be avoided. The Ireland rearrangement strategy allowed high anti-selectivity to be achieved, in contrast, the direct alkylation of the lithium ester enolate by means of an intermolecular reaction led to the stereoinverted syn-product with a high selectivity. The reactions were developed on a multi kilogram scale as material in pseudo peptide syntheses (metallo proteinase inhibitor programs) (Scheme 9).
The construction of three consecutive chiral centers has been developed by Yamazaki. 9 A tandem sequence of an anti with respect to the incoming nucleophilic double bond. Replacing the trifluoromethyl group in 16 (X = CF 3 ) by CH 3 (16: X = CH 3 ) the rearrangement caused an unselective reaction via E-17 to 18 due to the lack of the strong directing effect of the electron withdrawing CF 3 substituent (Scheme 10). Detailed information is summarized in Table 1 .
The tetracyclic sesquiterpenoid (-)-cyclomyltaylan-5-ol (22) was synthesized starting from (S)-(-)-HajosWiechert ketone analogue 19. 10 One major challenge of the synthesis was the diastereoselective generation of the quaternary center as the anchor atom of three rings. The reactant, unsaturated cyclopentenone 20 was formed in ten steps. First efforts to introduce the side chain by means of an enolate allylation failed. In contrast, the O-allylation succeeded once a potassium enolate was formed initially. Upon heating the O-allylenol ether to about 110°C the Claisen rearrangement proceeded smoothly to deliver the desired g,d-unsaturated ketone 21 in 96% yield as a single diastereomer. The reaction was thought to pass through a chair-like transition state, the bicyclic ring environment next to C1 of the [3,3]-sigmatropic core system enforced the selective exo-attack of the allyl unit. However, a boatlike conformation would have led to the same result since the terminus of the allyl moiety was substituted symmetrically. The total synthesis of 22 was completed by further manipulation of 21 (Scheme 11).
The stereogenic center at C1 could be replaced by a stereogenic axis, as demonstrated by Krause in a prelimi- nary publication. 11 The addition of Me 2 CuLi to an allyl eneynoate 23 generated an intermediate chiral allenyl enolate, which was trapped with bromo trimethylsilane at low temperatures to deliver the Z-ketene acetal. Upon warming-up to room temperature the Ireland rearrangement led to the formation of the ester 24 in a low yield of about 20%, however, the product consisted of a 63:15:12:10 mixture of diastereomers showing a decreased directing ability of the chiral axis in comparison to the chiral center approach (Scheme 12).
Scheme 12
The replacement of the chiral carbon at C1 by a sulfoxide fragment opened the route to a new class of efficient stereodirecting groups.
12 Dithioesters 25 (R 2 = SMe) and thioamides 25 (R 2 = NMe 2 ) could be easily prepared by acylation of methylsulfoxides with trithiocarbonates and by condensation of chiral sulfinates with thioacetamide, respectively. Deprotonation followed by S-allylation allowed the exclusive generation of (Z)-thioketene acetals 26, the choice of base (LDA and t-BuLi) was found to be crucial for a smooth reaction. Rearranging a series of S-allyl dithioacetals 26 at room temperature, gave the corresponding dithioesters 27a and 27b with a high diastereoselectivity and an acceptable yield. The more stable thioamide acetals 25 (R 2 = NMe 2 ) underwent Claisen rearrangements upon heating in THF at reflux without decomposition allowing the generation of optically active material. The stereochemical outcome was explained by the formation of a defined transition state arranging the lone pair of the sulfoxide as the most electron rich substituent anti with respect to the attacking allyl chain. Additionally, the most bulky R 1 side chain should have adopted an exo-position (Scheme 13). Detailed information is summarized in Table 2 . (For use of sulfoxides as chiral auxiliaries see chapter 4.3).
Scheme 13

Stereogenic Center at C6
In contrast to the preceding strategy, the placing of a stereodirecting center adjacent to C6 does not cause similar potential problems. Generally, no elimination should occur and the configuration of the 5,6-double bond of the [3,3]-sigmatropic core system can be generated via wellknown olefination methods before starting the rearrangement. The stereodirecting center can contain carbon branches as well as defined C-atom-heteroatom bonds. The latter offers the advantage as a potential excellent stereodirecting subunit. Since the electron rich 1,2-vinyl double bond should attack the allyl system at position 6, an adjacent C-X (nucleophilic X) bond should adopt an anti-arrangement with respect to the incoming donor. In other words, the extended C-X-s* orbital is syn-coplanar with respect to the attacking vinyl double bond. The transition state is stabilized by additional delocalization of some electron density into the empty anti-bonding orbital. Such electronic effects should result in highly stereoselective Claisen rearrangements. Again, mild reaction conditions and low temperatures lead to the best results.
Bellus et al. were the first to report such diastereoselective reactions. 13 Allyl mercaptanes 28 and electron deficient ketene 29 underwent the so-called intermolecular keteneClaisen rearrangement. The process was thought to proceed in two steps. After an initial addition of the electrophilic ketene equivalent to the nucleophilic thio center a hypothetical intermediate zwitterion Z was formed, which underwent an immediate [3,3]-sigmatropic rearrangement to give the corresponding thioesters 30/31. The charge neutralization served as an efficient driving force allowing the whole process to be carried out at low temperatures (0-35°C). The mild reaction conditions resulted in highly diastereoselective conversions placing chiral C-O and C-N functions at C4 of the allyl system (stereogenic center adjacent to C6). The hypothetical zwitterion Z, should have adopted a chair conformation c-Z as known for acyclic [3,3]-sigmatropic rearrangements. Furthermore, quasi 1,3-diaxial repulsive interactions should be minimized. Consequentially, the attacking trajectory of the thiuronium enolate onto the allyl system should be anti with respect to the best donor, the ether oxygen or the amide nitrogen attached to C4, respectively. Generally, the 1,2-asymmetric induction was found to be >90:10 in favor of the syn-product 31 for the oxygen substituted systems (X = O).
13a,c In contrast, most runs employing allyl amides (X = NBn) gave only moderate diastereoselectivities of 80:20 to 90:10 (31/30).
13b Semi-empirical AM1 calculations of representative systems implied that predominantly chair-like transition states, c-Z, were formed, but in the case of the amides an energetically low competing boat-like conformation b-Z seemed to be responsible for the formation of significant amounts of the anti-diastereomer 30. Detailed data are summarized in Table 3 .
The thioesters 30 and 31 were converted into their corresponding defined configured di-and trisubstituted g-butyrolactones 32 and 33 (X = O) and g-lactams (X = NBn), respectively, which are useful building blocks for pharmaceutically important product syntheses. The variability of R 1 should be pointed out as a major advantage of the method. Discussing the limitations, only electron-deficient ketenes 29 (at least one halide) could be employed successfully, more electron rich ketenes gave [2+2]-cycloadditions resulting in the corresponding cyclobutanones. Furthermore, the simple diastereoselection in the assembly of C2 of the thioesters 30/31 was found to be low indicating non-selective thiuronium enolate formation in the hypothetical zwitterionic intermediate (Scheme 14, Table 3 ). These difficulties could be overcome by switching to the allylamine analogs (vide infa).
Scheme 14
Intending to develop a more general method for the rearrangement of allyl systems with high remote stereocontrol, the thioether function was replaced by an amino group as present in 34.
14 In contrast to the ketene-Claisen rearrangement described above, the use of a,a-disubstituted carboxylic acid halides 35 exclusively induced a so called von-Braun degradation. 15 Initially, the tertiary amine 34 and the acid chloride 35 (X = Cl) formed an acylammonium chloride, which after nucleophillic attack by the chloride on the allyl ammonium subunit generated allyl chlorides 36 and amides 37. Subjecting the allylamines 34 to a-monosubstituted acid halides 35 in the presence of Lewis acids like trimethyl aluminium, the desired rearrangement dominated. Upon running the reaction at 0°C, the degradation could almost be suppressed depending on the substitution pattern in 34 and 35. Finally, the use of carboxylic acid fluorides 35 (X = F) in the presence of trimethyl aluminium enabled the process to run in the absence of nucleophiles. 14c In terms of stereoselection for the conversion of 38®41, the 1,2-asymmetric induction was found mostly to be >90:10 in favor of the syn-product -even when nitrogen was used as the directing function. The minor, anti-diastereomer only occurred in appreciable amounts if acetyl chloride was used as the source of acid chloride. Furthermore, the simple diastereoselectivity (internal asymmetric induction) was high allowing the diastereoselective generation of two new stereogenic centers in a single step bearing a variety of functional groups. The so formed g,d-unsaturated amides 38-41 represent useful intermediates for natural product syntheses as demonstrated in the synthesis of (+)-dihydrocanadensolide 42 14b and the formal synthesis of (-)-petasinecin 43 (44 = petasinecin) (Scheme 15).
14c, 16 Detailed information is summarized in In addition to C-C bond formation by means of a [3,3]-sigmatropic rearrangement, C-N bonds could be generated stereoselectively using efficient remote stereocontrol caused by a chiral center adjacent to C6. Planning such a process, one's attention has to be turned on the driving force of the reaction. Since carbonic acid derivatives must be rearranged, the resulting system should be characterized by some higher stability to direct the conversion towards the product avoiding an equilibrium occurring. Gonda employed thiocyanates 45 as a nitrogen source. 17 Always, the suitable reactants have been synthesized starting from the corresponding allylalcohols by an initial mesylation and a subsequent substitution with potassium thiocyanate. Rearranging acyclic S-allyl thiocyanates 45 under thermal conditions for a short reaction time of 3 In contrast, prolongation of the heating from 24 hours to 48 hours caused the exclusive cyclization of the syn-isocyanate 47. The intramolecular attack of the carbamate nitrogen at the isothiocyanate gave the stable anti-imidazolidinthione 49 in an unidirectional reaction step, no syn-48 could be detected. Due to the reversibility of the rearrangement under the conditions reported, the reactant could be converted into the single diastereomeric product 49. In addition, catalytic amounts of 2-pyridone were found to accelerate the formation of the anti-imidazolidinethione 49 allowing a remarkable reduction of the reaction time (Scheme 17).
Investigating the 1,2-asymmetric induction, diacetone glucose was found to serve as an efficient directing substituent. 17b The rearrangement of (E)-and (Z)-allyl thiocyanates 50 under thermal conditions resulted in the exclusive formation of the b-isothiocyanate 51 in high yield and complete diastereoselectivity. No equilibrium bewteen 51 and 52 has been reported even though the temperature was only 70°C and the reaction time was comparatively short (3 h). Obviously, the open book shape of the acetonide-furanose bi-cycle allowed the generation of tertiary C-N bonds with a defined configuration. 18 The C4 side chain was less important considering the stereoselectivity of the rearrangement since the variation of the protecting groups caused no appreciable effect.
Analogous experiments on a galacto thiocyanate series 53 led to similar observations, generating secondary C-N bonds with a defined configuration. 19a Upon heating (E)-and (Z)-allyl thiocyanate 53 to about 70°C, the [3,3]-sigmatropic rearrangement led to the corresponding isothiocyanates 54 and 55 in high yield and high diastereoselectivity of 96:4 in favor of the b-product 54. Conducting the same reactions at 140°C for a short time, both diastereomers were found in a ratio of 50:50. Heating for a longer period of time led to an excess of the a-isomer 55. These latter experiments improved the reversibility of the process and showed, that the stereochemical outcome of the reaction was strongly temperature-and time-dependent (Scheme 18). With the intention of developing a new route to the 5-aza ribose core of the pyrimidine nucleoside peptide antibiotic polyoxin L, the above mentioned aza-Claisen strategy was tested starting from the ribo-thiocyanate 56. 17c The thermal rearrangement (PhH, 70-80°C, up to 5 h) led to varying mixtures of diastereomeric isothiocyanates 57 and 58 depending on the substituent R attached to C1 with good yields. Unfortunately, the uridyl derived system gave the lowest selectivity of about 60:40. In contrast, the xylothiocyanates 59 rearranged to the corresponding isothiocyanates 60 and 61 with satisfactory yields and a significantly higher diastereomeric excess (60/61 90:10-99:1). Obviously, the adjacent silylether protected C4 OH group acted as an efficient directing group (Scheme 19).
Scheme 19
A second strategy to introduce a nitrogen via an aza-Claisen rearrangement can be termed as the Overman variant. 20 Initially, allylalcohols had to be converted into the corresponding trichloro acetimidates. Such acetic acid derivatives can undergo a [3,3]-sigmatropic-like reaction in the presence of Pd(II) or Hg(II) catalysts resulting in acetamides. 21 The formation of the C=O function starting from the C=N group is the major driving force of the reaction, making the whole process irreversible.
Gonda investigated this strategy intending to develop a new sequence to synthesize the carbohydrate core of the antibiotics lincomycin and clindamycin. In this special case all attempts to catalyze the [3,3]-sigmatropic rearrangement failed. 19a Thus, the thermal reaction was conducted heating the reactant 62 to about 200°C in xylene. Disappointingly, the reaction of (E)-and (Z)-trichloro acetimidates 62 (X = Cl) suffered from a low yield and no diastereoselectivity. In contrast, the conversion of the trifluoro acetimidates 62 (X = F) gave the desired products 63 and 64 in 93-95% yield. The reactant bearing an Edouble bond delivered poor diastereoselectivity of 42:58 63:64. The best result was reported for the rearrangement of the Z-system, generating predominantly the b-amide 64 with a dr of 9:91 (63:64, Scheme 20). However, the rearrangement of the allyl thiocyanate 59 mentioned above (Scheme 19) served as a potential alternative.
Scheme 20
A highly selective non-catalyzed rearrangement has been described by Isobe in the course of the total synthesis of (-)-tetrodooxin.
22b,c The central tertiary amino group in 66 was introduced by means of an Overman rearrangement of the acetimidates 65. 21 The dioxolane subunit served as an efficiently directing function. The transition state potentially passed through could be described as a chair-like conformation arranging the dioxolane in a pseudo-axial aposition. Thus, the amino group was forced to attack the b-face of the double bond generating the desired key compound 66 with complete diastereoselectivity and an acceptable yield on a 20 g scale (Scheme 21).
In contrast to these findings, van Boom reported a successful catalyzed rearrangement as a key step in the syn-
Scheme 18
thesis of a conduramin derivative. 22a The amidate 67 was obtained starting from a galalacto pyranoside in eight steps. The Overman rearrangement in the presence of a Pd(II) catalyst gave the desired amide 68 diastereoselectively with anti-configuration in 73% yield. The stereochemical outcome could be explained by the argument outlined in Scheme 16 (chair-like transition state in analogy to c-39). Finally, four further steps furnished the desired target 69 (Scheme 22).
Scheme 22
Stereogenic Centers in Other Positions
In addition to the 1,2-asymmetric induction strategies to generate new stereogenic centers via Claisen rearrangement, several further reactions have been reported placing efficient directing chiral subunits in other positions. Generally, several structural and conformational properties of the reactant influence the transition states of these reactions making a reliable prediction of the stereochemical outcome of the [3,3]-sigmatropic reaction more and more difficult.
Boeckman reported on an enhancement of stereoselectivity in Claisen rearrangements by remote stereogenic centers in the presence of sterically demanding Lewis acids.
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In the course of the development of a synthetic access to saudin, acyclic thermal [3,3]-sigmatropic reactions have been investigated. Starting from the bicyclic lactone 70 the allyl side chain was introduced by an O-alkylation of the corresponding enolate 71. The so formed allyl vinyl ether was subjected to Claisen rearrangement conditions to generate the cyclohexanones 72 and 73 bearing two additional stereogenic centers. The thermal rearrangements were conducted at high temperatures. As expected, the dr values of the products were low. Testing a range of Lewis acids showed that a significant reduction of the reaction temperature and the reaction time could be achieved. Though several conversions did not go to completion the diastereoselectivities were found to be significantly enhanced. The best results were reported for the methyl series (R = Me, additional stereogenic center adjacent to C6) though the yield was moderate, the reactions were far from being optimized (Scheme 23). Detailed information is given in Table 5 .
Scheme 23
Magnus planned to employ a Claisen rearrangement as a key step in the total synthesis of taxol. 24 Since the [3,3]-sigmatropic core system contained no stereogenic centers, the adjacent chiral A and C ring fragments should serve as efficient chiral inductors. Initially it was attempted to carry out the Claisen rearrangement as a ring contraction of a 12-membered unsaturated lactone 74. The failure of this process was presumed to be due to an overly constrained transition state, which would have to be formed, closing the central B ring to 75. Alternatively, the 2,3-bond was constructed prior to the closure of the B ring starting from ester 76. This Claisen rearrangement proceeded with 57% yield to give acid 77. The new bond bore the correctly configured stereogenic centers as found in the target molecule taxol (Scheme 24).
Scheme 24
Scheme 21
Ishihara tested an esterification Ireland-Claisen rearrangement sequence as a key step in a convergent synthesis of some azadirachtin model compounds to generate the highly substituted C8-C14 bond. 25 Initially, the ester 78 was formed to connect both halves of the molecule. Then, the deprotonation/silylation at low temperature led to the intermediate ketene acetals, which rearranged upon heating to 70°C to give the acids 79 and 80 as mixtures of diastereomers separable by means of HPLC. The reaction was found to be strongly dependent on the conditions employed. Since the rearrangement should occur through a chair-like transition state, the selective generation of intermediate ketene acetal was thought to be crucial. The use of TMSCl resulted in the E-configuration, E-c minimizes repulsive interactions between the lactone and silyl group. Acid 80 was formed predominantly (55% yield, 3:1). In contrast, the reaction employing Me 2 SiCl 2 formed the Zacetal, Z-c predominantly as a result of chelation of the silyl group to the lactone C=O and the enolate. Consequentially, the acid 79 was isolated as the major compound (87% yield, 4:1) with all stereogenic centers in the same configuration as the natural product (Scheme 25).
Barrett developed an efficient synthesis of annulated blactam carboxylic esters 83. 26 The key step was a tandem Ireland-Claisen ring closing metathesis cascade. Though the reactant b-lactam 81 was characterized by a defined stereogenic center, no chiral induction was observed in the initial rearrangement step to 82. The product was obtained as 1:1 mixture of diastereomers (Scheme 26).
Medium-sized rings could serve as highly efficient frameworks to induce diastereoselective rearrangements with remote stereocontrol because of the restricted conformational mobility of such systems. Investigating BergmanMyers reactions of cyclic enediynes and eneyne allenes, Magriotis employed a Claisen rearrangement as a ring contraction to force the termini of the p-systems to the appropriate distance ready for the cyclo aromatization. 27 The ring size was found to play a crucial role, since ten membered rings containing an enedyine subunit were unstable. The eleven membered analogs could be obtained from Bergman cyclization by protecting one triple bond as a Co-carbonyl complex during the course of the sigmatropic reaction. Furthermore, any competing [1,3]-rearrangement as found in a non-protected system could be suppressed. Starting from the 15-membered lactones 84, treatment with LiHMDS and TIPSOTf at low temperatures gave the Z-enolate. After protection of the less hindered triple bond with Co 2 (CO) 8 , the ring strain of the system was dramatically reduced allowing an Ireland rearrangement at ambient temperature. Finally, the oxidative deprotection of the triple bond gave the desired eleven membered enediynes 85 in 50-60% yield overall. The process was found to be diastereoselective due to the highly efficient transannular remote stereocontrol in such a system (Scheme 27).
Scheme 27
Highly selective Claisen rearrangements of substrates 86 bearing a defined configured sulfinyl moiety at C5 enabled the creation of up to two asymmetric centers while preserving the useful vinyl sulfoxide functional group.
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The Johnson reaction conditions were found to be most viable as long as the vinyl double bond could be generated in a defined manner. Thus, the [3,3]-sigmatropic rearrangements were run at about 130°C using easily accessible vinylogous carbonates 86. Generally, a final decarboxylation gave the g,d-unsaturated aldehydes 87 and 88. Maintaining the configuration of the sulfoxide, the relative arrangement of the allyl double bond and the stereogenic center C3 were varied. Consequentially, the stereochemical outcome of the rearrangements could be subdivided into a matched set delivering high selectivity and a mismatched set leading to decreased dr's. The acyclic architecture of all systems suggested chair-like transition states to be passed during the course of the reaction. The sulfoxide and the 5,6-double bond should always adopt a S-cis arrangement. Thus, the matched reactions passed through a chair transiton state where 1,3-diaxial repulsive interactions are minimized, i.e. the small lone pair of the sulfoxide should have been placed in an endo-position ts-endo. In contrast, the mismatched series via ts-exo suffered from severe repulsion because of the endo orientation of the Ar unit of the sulfoxide causing decreased diastereoselectivities. The influence of the chiral sulfoxide was corroborated by the rearrangement of the sulfide analogs effecting a modified stereochemical outcome The Eand Z-vinyl sulfides gave predominantly Z-olefins. The Ereactants caused a high (93:7), the Z a significantly decreased, diastereoselectivity (72:28) . Removing the stereogenic center at C3, the sulfoxide was found to be capable of inducing the generation of the new chiral center with a high diastereoselectivity. Finally, the ethoxy cyclohexene 89 was treated with an allyl alcohol. After exchanging the carbinol groups the Claisen rearrangement proceeded in high yield and a high sulfoxide supported diastereoselectivity to give the corresponding 2-substituted cyclohexanones 90 and 91 bearing two new chiral centers (Scheme 28, Table 6 ).
Scheme 28 4 Auxiliary Control in Claisen Rearrangements
Auxiliary controlled [3,3]-sigmatropic rearrangements represent an almost classical approach to introduce chiral information into a more complicated rearrangement system. The major advantage is that there is reliable control over the stereochemical outcome of the reaction. All products are diastereomers, e.g., the separation of minor compounds should be more or less easy and the well known spectroscopic analyses will always be characterized by defined and reproducible differences. However, the auxiliary strategy requires two additional chemical transformations: the attachment and the removal of the auxiliary must be carried out in two steps. The efficiency of these steps influences the whole sequence. High yields, along with the avoidance of stereochemical problems are the prerequisite of each step. Furthermore, the synthesis and the recycling of an auxiliary must be taken in account.
Overall, a set of advantages and problems have to be considered before deciding on an auxiliary strategy.
Auxiliary Attached to Position X
The setting of X = nitrogen enables a chiral auxiliary to be attached to this position via the third binding valence. Such a plan offered the advantage of the [3,3]-sigmatropic rearrangement system and the stereodirecting group placed in very close proximity. Unfortunately, the azaClaisen rearrangements of amide enolates (OLi) were characterized by significantly higher reaction temperatures in comparison to their oxygen analogs because of the moderate driving force [moderate charge stabilization enolate deprotonated amide RN(Li)C=O]. Thus, the adoption of a single transition state conformation turned to be unlikely increasing the risk of poor efficiency of the auxiliary causing unselective reactions.
An aza variant of the Ireland rearrangement has been developed by Tsunoda. 29 The reaction is a key step in an (+)-antimycin A 3 97 synthesis. Starting from (+) methylbenzylamine 92 as the chiral auxiliary, the amide 93 was obtained after four steps. A deprotonation/silylation gave the Z-ketene aminal, which underwent the [3,3]-sigmatropic rearrangement upon heating to 120°C in a sealed tube (generally, the analogous o-ketene acetal Ireland rearrangements are run at r.t. or below). The g,d-unsaturated amides 94 and 95 were isolated as a mixture of four diastereomers. The major isomer 95 was obtained in 78% yield as an inseparable 82:18 mixture of isomers with the minor compound indicating a complete internal and a moderate external (auxiliary derived) asymmetric induction. The high reaction temperature prevented the reaction from passing through a single transition state conformation. The cleavage of the amide 95 succeeded via iodo lactonization resulting in an enantiomerically enriched lactone 96. The minor enantiomer could be finally removed after coupling with the second half of the target molecule. Finally, the (+)-antimycin A 3 97 was generated after conducting several further steps (Scheme 29).
Two aspects must be considered when planning highly selective auxiliary directed aza-Claisen rearrangements. On the one hand the reaction temperature had to be significantly lowered in comparison to Tsunoda's conditions. On the other hand the conformational mobility of the potential transition state had to be restrained forcing the system to take a single reaction path. The zwitterionic azaClaisen rearrangement seemed to fulfill both prerequisites using L-(-)-proline derivatives 98 as chiral auxiliaries.
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Several N-allyl pyrrolidines 101 were synthesized via a Pd(0)-catalyzed amination of the corresponding allylmesylates 99 and 100, respectively. The double bond was always in the E-configuration. Treatment with chloro and suitably protected a-amino acetyl fluorides 102, in the presence of solid potassium carbonate and trimethyl aluminum in chloroform at 0°C led to the formation of the corresponding g,d-unsaturated amides 103 and 104. Most likely, the charge neutralization served as an efficient driving force allowing the reactions to be conducted at such low temperatures. The use of azido acetyl fluoride 102 (R 3 = N 3 ) enabled a subsequent reductive cyclization to generate D-proline L-proline dipeptides 105, allowing a variety of substituents to be introduced onto the new Dproline moiety (Schemes 30, 31).
The strategy for removing the auxiliary should be chosen depending on the auxiliary and the substitution pattern of the amide 103/104. Generally, the iodo lactonization as described by Tsunoda 29 led to the smooth cleavage of all types of amides. The prolinol auxiliaries (R 1 = CH 2 OTBS) offered further advantages. In the presence of acid stable substituents R 2 and R 3 , a neighboring group assisted transesterification (R 1 = CH 2 OTBS) with HCl/MeOH enabled the amides 103 to be converted into the corresponding esters 107. Alternatively, the auxiliary can be used as a leaving group in an intramolecular metal organic reaction of 103 (R 3 = CH 2 -Ar-Br) to generate a cyclic ketone 108 without any loss of chiral information (Scheme 31).
Discussing the stereochemical outcome of the Claisen rearrangements, two aspects have to be considered. On the one hand, the relative configuration of the new stereogenic centers was found to be exclusively syn in 103 and 104, indicating that the reaction passed through a chair-like transition state c-a and c-b, respectively, which included a Z-acyl ammonium enolate structure (complete simple diastereoselectivity/internal asymmetric induction).
On the other hand the external asymmetric induction strongly depended on the chiral auxiliary. Careful analysis of the hypothetical zwitterionic intermediates c-a and c-b indicated the formation of a stereogenic ammonium center. In terms of the well known 1,3-chirality transfer of [3,3]-sigmatropic rearrangements, the present reaction allowed the chiral information to be shifted from the ammonium center (1) to the enolate C (3). The amide 103/104 a-carbon atom had been constructed with a defined configuration after passing through the above mentioned chair-like transition state c-a/c-b, including defined olefin geometry and the equatorial arrangement of the bulky (chain branch) part of the auxiliary. Consequentially, the crucial step of the whole process must have been the diastereoselective addition of the ketene equivalent on generating the zwitterionic intermediate. Thus, employing the auxiliaries bearing the small proline methyl ester substituent (R 1 = CO 2 Me) in 101, the reaction with non-hindered acid fluorides 102 gave the corresponding amides 103/ 104 with low or moderate diastereoselectivity indicating unselective N-acylation. In contrast, conversions at lower temperatures or with bulky substituted acid fluorides 102 resulted in significantly higher selectivities (more selective acylation). The use of reactant allylamines bearing the bulky proline t-butylester and the OTBS prolinol auxiliaries as R 3 , were characterized by a high auxiliary directed diastereoselectivity indicating a defined acylation rearrangement path via c-a. Presently, the OTBS prolinol (R 1 = CH 2 OTBS) is the auxiliary of choice due to its ease of introduction, its high directed induction of chirality, its stability under subesequent reactions, and its simple cleavage by the neighboring group assisted amide 103 to give ester 107. Detailed information is summarized in Table 7 (Schemes 30, 31).
Presently, the zwitterionic aza-Claisen rearrangement has been developed as a reliable method to synthesize suitably protected non-natural a-amino acid derivatives, e.g. C-allyl glycines type 107 and 3-arylprolines type 105. . Hence, a nitrogen atom had been placed in position Y offering two additional binding valences to fix the chiral information much more efficiently.
An Eschenmoser-type rearrangement for the construction of g,d-unsaturated amides required the generation of suitable amide acetals. Conducting so called auxiliary controlled Ficini-Claisen rearrangements, the starting material of choice was found to be N-alkynyl oxazolidinone (®109) and imidazolidinone. 32 In contrast to the well known Eschenmoser and Johnson variants, the Ficini rearrangement was characterized by carefully optimized and significantly milder reaction conditions so as to avoid the cleavage of the ynamides. The acid seemed to play a crucial role during the course of the process. Treatment of the ynamine derivatives 109 with allylalcohols 110 in the presence of sub-stoichiometric amounts of p-nitrobenzenesulfonic acid at about 70-80°C induced the initial acid mediated quasi-syn addition of the alcohol to the triple bond. The alkynyl amide 109 was protonated to give the N-acyl ketene iminium salt forcing the allylalcohol 110 to attack syn with respect to the allenyl H. An intermediate E-amide acetal was formed, which underwent an immediate Claisen rearrangement to give the corresponding amides 111 with high yield and moderate to high external (auxiliary directed) stereocontrol. The stereochemical outcome could be compared to that of the well-known Evans-aldol reactions. In the majority of reactions, the major diastereomer was formed in a 80:20 to 96:4 ratio with respect to all minor compounds. A set of auxiliaries and allylalcohols was tested indicating the efficiency of the so-called Sibi-oxazolidinone in 109. 33 Finally, the removal of the oxazolidinone subunits proceeded via basic cleavage and a subsequent iodo lactonization. A 3:1 mixture of diastereomers 112 and 113 was obtained indicating a moderate asymmetric induction upon generating the lactones (Scheme 32).
Scheme 32
Considering the anionic Ireland-Claisen rearrangements, a chelate complex formed as an intermediate potentially affected the chance for the reaction to pass through a single defined transition state conformation, which would effect the selectivity of the reactions. Again, the driving force of such a process had to be taken into account because the rearrangement had to be run at low temperatures.
Since the rearrangement of amide enolates (OLi) required high reaction temperatures of about 120°C causing the formation of mixtures of diastereomeric products 29 Metz investigated the corresponding imidates 115. 34 Generally, the imido ester enolates (NLi) were more basic than their oxygen analogs. Thus, the driving force on generating the product deprotonated amides [RN(Li)C=O] via rearrangement should have been increased (more stabilized product anion) allowing such processes to run at low temperatures. The auxiliary of choice was found to be an axially chiral binaphthyl amino group.
The reactant imidates 115 were synthesized in two steps starting from the amides 114. Initially, the amides 114 were treated with phosgene to form the intermediate imidoyl chlorides, the subsequent addition of an allyl alcohol gave the corresponding ester 115 in high yield. Deprotonation of the system with a strong base gave raise to a Zenolate, which underwent the [3,3]-sigmatropic rearrangement at 0°C. The product amides 116 were formed as single diastereomers indicating complete internal asymmetric induction as well as the high directing ability of the auxiliary. The stereochemical outcome could be rationalized by the formation of a chair-like transition state incorporating a lithium chelate including the methoxy group of the auxiliary: such an arrangement should be characterized by an efficient shielding of one face of the enolate by the b-hydrogen of the binaphthyl moiety forcing the allyl subunit to attack the less encumbered side. Detailed information is given in Table 8 . The present Scheme 31 method allowed the two new stereogenic centers in 116 to be established with high selectivity. The removal of the auxiliary succeeded via the iodo lactonization/reductive cleavage developed by the same group. 35 The g,d-unsaturated carboxylic acid 117 was obtained without any epimerization of the a-carbon center, the auxiliary 118 was recovered almost quantitatively (Table 8 , Scheme 33).
A second strategy to enhance the driving force of the Claisen rearrangements involved thioamides. Thioamides underwent facile S-allylations to form the corresponding thioamide acetals and the sulfur was known to be a better leaving group compared to the oxygen, on breaking the C-S bond during the rearrangement. Again, the fixing of one favored transition state conformation was crucial for a selective reaction. Thus, preliminary results published by Welch suffered from moderate de of about 65%.
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The bicyclic rigid array introduced by Meyers allowed the auxiliary controlled generation even of quaternary stereogenic centers.
37 A d-ketocarboxylic ester and a 1,2 amino alcohol derivative were condensed to give a Meyers chiral bicyclic lactam 119. To date, a set of such chiral bicyclic lactams has been used in thio-Claisen rearrangements (119a-d). Likewise, the a-position of the lactam 119 could be alkylated using standard operations, the carbonyl was converted to a thiocarbonyl group by treatment with a Belleau-type reagent to give 120. The deprotonation of the thiolactam 120 and the subsequent allylation afforded the S-allyl thioamide acetal 121. Upon heating to about 30-140°C (solvent depending) in a carefully chosen solvent, the system underwent Claisen rearrangement to generate the g,d-unsaturated thioamide 122. 37a Generally, the exo-diastereomer was the most favored product, however a trisubstituted olefin with at least one bulky substituent at the endo-position was required, otherwise, disappointing diastereoselectivities were reported.
37c Surprisingly, the Claisen rearrangement of sterically encumbered systems 121 did not go to completion. In contrast, the process was found to be reversible, enforcing the separation of the product 122 and remaining reactant 121 after one rearrangement cycle. 38 However, the starting material 121 was subjected to the reaction conditions for a second cycle enhancing the isolated yield of the desired product 122. The removal of the auxiliary was carried out upon treatment of the thioamide 122 with Meerweins salt and RedAl to give rise to the corresponding aldeyde 123. The soformed defined complex substances 123 bearing chiral quaternary centers were used for the investigating scope and limitations of further C-C bond forming reactions such as olefin metatheses. Further manipulation of 123 led to the natural product (-)-trichodiene 124 (Table 9 , Scheme 34).
Pyrrolidine derivatives serve as suitable substitutents in position Y as long as a C2 symmetric framework was employed. A preliminary result published by Martens showed, that the rearrangement of bicyclic pyrrolidine carboxylic ester 125 (R 1 ¹ H) delivered a high diastereoselectivity, the corresponding hydrogen derivative 125 (R 1 = H) a comparatively low diastereoselectivity for the construction of 126 39 (Scheme 35).
Scheme 35
Rawal investigated the stereodirecting properties of the C2 symmetric 2,5-diphenyl pyrrolidine 127. 40 After conversion into the thioamide in two steps, the deprotonation/ S-allylation sequence produced the crucial Z-thioamide acetals 128. The subsequent rearrangement at ambient temperature or reflux conditions gave the g,d-unsaturated thioamides 129 in high yield and excellent diastereoselectivity. The stereochemical outcome could be rationalized by the formation of a chair-like transition state, arranging the allyl moiety anti with respect to the endo-positioned aryl group (c-b) . The C2 symmetry of the auxiliary precluded the adoption of different conformations causing mixtures of diastereomers. The method enabled the generation of one and two novel adjacent stereogenic centers with a high simple and a high auxiliary controlled diastereoselectivity in 129. Finally, the removal of the pyrrolidine was effected by means of the Meyers sequence (activation-reduction), as mentioned above, providing alcohol 130. The scope and limitations of this method are still far from being exhausted. Detailed information is given in Table 10 (Scheme 36). 41 A careful analysis of a set of such compounds gave a defined nearly perpendicular arrangement of the aryl group with respect to the amide function and the preferential occurrence of the so termed E-amide 131. The attachment of an o-substituted aniline derivative induced a chiral axis along the N-C(S) bond. Since the favored conformation was found to be stable upon heating up to 140°C, the chiral properties of the chiral axis was expected to serve as a diastereoselective inducing group in a Claisen rearrangement. After the initial deprotonation of 131 with LDA at low temperatures the Z-enolate formed, which underwent S-allylation upon treatment with allyl halides to give the corresponding intermediate N,S-ketene acetals 132. A slow allylation at ambient temperature resulted in the mixture being heated at reflux. This induced an immediate [3,3]-sigmatropic rearrangement giving rise to the g,d-unsaturated amides 133 in high yield. The dia- 
Scheme 36
stereomeric ratio was found to be about 80:20 (E/Z), with an optimal result of about 86:14 (E/Z) achieved using the 2,4-di-(t-butyl)-anilide (R 2 = t-Bu). The stereochemical outcome was presumed to be a result of the reaction passing through a chair-like transition state c-b. The allyl moiety should attack the sterically less shielded face of the ketene double bond anti with respect to the bulky o-substituent of the anilide. Consequentially, the major product could be termed as the (racemic) 2S,aS-diastereomer 133 (E). Further studies are in progress (Scheme 37). Ireland rearrangement characterized by mild reaction conditions seemed to be the method of choice to achieve highly diastereoselective conversions. Especially, the potential to create chelate controlled reactions thus minimizing conformational mobility during the course of the reaction promised a maximum efficiency from a chiral auxiliary. Preliminary results, published by Kallmerten in 1986 conducting Ireland-type rearrangements in the presence of a chiral benzyl ether function, were found to provide moderate diastereoselectivity. 42 Kazmaier investigated the rearrangement of glycine allylester enolates during the course of the synthesis of nonnatural amino acid derivatives. 43 The rearrangement of Oallyl glycine derivatives 134 led to C-allyl glycines with a defined configuration at the a-and b-centers, through an Ireland-type rearrangement. The chiral information could be introduced by means of a nitrogen bound auxiliary. With the intention of generating (di-and oligo-)peptides, another chiral a-aminoacid served as the chiral auxiliary in 134 enabling C-C bond formation onto a peptide backbone. Initially, the O-allyl glycine derivative 134 was deprotonated by at least two equivalents of a strong Libase at low temperatures. After the addition of a chelating Lewis acidic metal salt, the reaction mixture was allowed to warm to room temperature. The [3,3]-sigmatropic rearrangement led to the corresponding carboxylic acid, which was immediately converted into the methyl ester 
135/136. One major advantage of such a procedure was the exclusive formation of E-enolate geometry during the deprotonation/chelation step causing highly simple asymmetric induction. The crucial point was the directing quality of the chiral auxiliary in combination with the Lewis acid. The use of ZnCl 2 and a catalytic amount of a Pd(0)-complex resulted in moderate asymmetric induction and some problems with the regiochemistry, namely rearrangement of the substituted allyl system in 134. Optimal diastereoselectivities were obtained when rearrangement of dipeptides 134 was carried out in the presence of Al(iPrO) 3 and Ti(i-PrO) 4 but the chemical yields were low because of the competing isomerization of the allyl ester 134 into the corresponding vinyl derivative 137. Higher yields of 135 and 136 were obtained using MnCl 2 during the course of the rearrangement of the crotyl ester (R 1 = Me). However, the diastereoselectivity achieved was moderate. Some variation of the auxiliary amino acid and the protective group gave no significant change in the external asymmetric induction. Obviously, the N-terminal amino acid of the dipeptide was not strong enough to effect a usable auxiliary directed asymmetric induction. Consequentially, the peptide based Ireland reaction was recommended for the rearrangement of optically active allyl esters, any matched or mismatched effects during the course of such diastereoselective conversions could be almost excluded (Scheme 38).
Scheme 38
An asymmetric variant of the Carroll rearrangement has been investigated by Enders et al. employing successfully the RAMP/SAMP auxiliary methodology. 44 b-Ketoallylesters 138 were initially treated with SAMP and RAMP, respectively, to form the corresponding hydrazones 139 in high yield of >80%. The double deprotonation using LDA at low temperatures gave rise to the bis-anion, which underwent the Carroll rearrangement upon warming to room temperature. After reduction of the crude hydrazono esters with LiAlH 4 , the resulting alcohols 140 were obtained in good yields and with high diastereoselectivities. The final oxidative removal of the auxiliary gave the hydroxy ketones 141 with excellent enantioselectivities (Scheme 39, Table 11 ). The appilicability of this sequence was shown by conducting a short, enantio and diastereoselective total synthesis (142®143®144) of the antibiotic (-)-malyngolide 144 and related analogs via the RAMP route (Scheme 40).
Analyzing the stereochemical outcome of the rearrangement, the initial double deprotonation must form the enolate with a high E-selectivity. Presuming a chelation of the Li cation by the enolate-O, the amide-N, and the oxygen of the methyl ether of the auxiliary, a tricyclic rigid array could be postulated forcing the allyl subunit to attack almost exclusively the less shielded exo-face (parallel to the a hydrogen, Scheme 39). Consequentially, the defined enolate geometry caused the predominant syn-configuration of R 2 and R 3 (internal asymmetric induction) and the anti-orientation of the newly formed centers with respect to the directing auxiliary subunit (external asymmetric induction). Since a wide variety of substituents R 1 -R 4 could be applied, the method was found to allow a variety of tertiary and quaternary centers to be generated with reliable high selectivity.
Additionally, the Carroll rearrangement could be run in the presence of Lewis acids. In contrast to the bis-anion variant, significantly lower diastereoselectivities were found. The results were explained by the generation of an intermediate, containing a mixture of E-and Z-silylketene acetals or by the formation of competing boat-like and chair-like transition states. However, the fixing (chelatation) of the chiral information during the course of the rearrangement in such a way that a single preferred transition state would have to be formed, failed. It is noteworthy, that the major diastereomer formed using the Lewis acid promoted reaction exhibited the syn-orientation of the newly formed centers with respect to the directing auxiliary subunit (inverted external asymmetric induction with respect to the bis-anion method, Table 11 , entries15-21).
Scheme 39
Scheme 40
Chiral sulfoxide fragments have been described as highly efficient stereodirecting groups that synthesize a-thioamides and thioesters with a defined configuration via remote stereocontrol (chapter 2.1). 12 The same sulfoxide had been used as a chiral auxiliary for the rearrangement of (S)-crotyl (R = Me) and (S)-cinnamyl thioamide acetals (R = Ph) 145.
A deprotonation S-allylation allowed the exclusive generation of the Z-thioketene amide acetals 146, the allyl moiety was assembled as an E/Z-mixture and a neat (E)-146 and (Z)-146 system. Rearrangement of (Z)-146 at 66°C, resulted in the corresponding thioamide 147, which was formed diastereoselectively with an acceptable yield. Surprisingly, the amide acetals (E)-146 (R = Ph) delivered preferentially the same diastereomer 147, the amide 148 was generated as the minor compound. In contrast, (E)-146 (R = Me) gave favorably the expected diastereomer 148. The stereochemical outcome of the Z-system rearrangement was explained by formation of a defined transition state b-Z as discussed above (Scheme 8). The preferred transition state of E-146 depended strongly on the bulkiness of R: the adoption of a chair-like transition state c-E was destabilized by repulsive interaction bewteen R and Cy. In the presence of R = Ph, a boat-like transition state b-E seemed more likely to favor the formation of amide 147. Finally, the sulfoxide could be reduced with P 4 S 10 to give the thioethers 149. The complete removal of the sulfoxide auxiliary was accomplished by SmI 2 reduction to generate the thioamides 150 with 76-80% ee. Detailed information is given in Table 12 (Scheme 41). 
Miscellaneous
A special auxiliary controlled hetero-Claisen rearrangement has been developed by Langlois. 45 Camphor oxazoline N-oxides 152 were synthesized starting from optically active hydroxylamino isoborneol 151. After condensation with suitable orthoesters, the intermediate nitrones 152 formed were easily O-acylated (153) by means of acid chlorides. Standing at room temperature overnight effected the [3,3]-sigmatropic rearrangement, which gave the a-acyloxy oxazolines 154 in acceptable yield and up to 95% diastereoselectivity. Obviously, the auxiliary enforced the efficient exo-attack of the ester oxygen parallel to the hydrogen atoms at the ring junction. The product oxazolines 154 underwent a facile cleavage to 155 upon treatment with CbzCl. Finally, a two step transesterification allowed the removal of the auxiliary to give the optically active a-hydroxy methyl ester 156 (Scheme 42, Table 13 ).
Scheme 42
h 4 -Diene tricarbonyl iron complexes could serve as chiral auxiliaries for Ireland-Claisen rearrangements. 46 Upon careful optimization of the reaction conditions, Roush found, that treatment of acetates 157 and 158 (R = H) with KHMDS in THF/HMPA in the presence of TBSCl intermediate resulted in silyl ketene acetals, which underwent Ireland rearrangement after warming up to room temperature. Always, a single diastereomer 159 (R = H) was obtained independently from the E-and Z-configured O allyl ester reactant 157/158. The nascent C-C bond was generated diastereoselectively anti with respect to the iron tricarbonyl moiety passing through a highly ordered chairlike transition state. The analogous reaction employing the propionates 157 and 158 (R = Me) gave a high auxiliary induced diastereoselectivity in 159 (R = Me), as expected, but the simple diastereoselectivity (internal asymmetric induction) remained disappointingly low. Obviously, the ketene acetal formation delivered an E/Z mixture as the rearrangement passed through a chair-like and a boat-like transition state. Finally, the h 4 -iron tricarbonyl complex was removed by oxidative cleavage with NMO to give the unprotected racemic butadienes with high yield. An enantioselective variant has still to be developed (Scheme 43).
Scheme 43 5 Chiral Metal Complexes Directed Claisen Rearrangements
The classical auxiliary controlled [3,3]-sigmatropic rearrangements were developed as a reliable method to introduce chiral information into a more complicated rearrangement system. The major disadvantage of such a strategy is the requirement of two additional chemical transformations: the attachment and the removal of the auxiliary must always to be considered. The efficiency of these steps influences the usability of the whole sequence.
The careful analysis of the Claisen rearrangements pointed out that the presence of a Lewis acid could effect a significant acceleration of such a reaction. Since a coordination of the Lewis acid metal salt at the core heteroatoms of the [3,3]-sigmatropic system was a prerequisite, the proximity of the Lewis acid ligands should influence the stereochemical outcome of the rearrangement. Hence, the use of chiral ligands should cause an external chiral induction. In conclusion, a Lewis acid carrying chiral ligands should serve as a chiral auxiliary. The separate attachment and the final removal of the auxiliary could be avoided, the enantioselective Claisen rearrangement arose as a more straight forward process.
Generally, such a reaction should be run catalytically, but the increased complexation ability of the product in comparison to the reactants mostly inhibited the release of the Lewis acid right after a rearrangement step until the aqueous cleavage. The stereochemical properties of the products had to be carefully analyzed using chiral GC, HPLC, and derivatization techniques.
First reports on Lewis acid-mediated chiral Claisen rearrangements were published by Yamamoto. 47, 48 As an extension of the trisaryloxy aluminum promoted conversion of allyl vinyl ethers 160 into the corresponding g,d-unsaturated aldehydes 161, chiral biaryl ligands were tested for their asymmetric induction ability. After treatment of the allyl vinyl ether 160 with the aluminum reagent at low temperatures for 10-40 hours, the chiral aldehydes 161 were isolated in 63-97% yield with an ee of 63-92%. The absolute configuration of the products was determined via various methods (Scheme 44).
Scheme 44
Recently, Maruoka published the first results of a simple Claisen rearrangement in the presence of a new chiral bis(organoaluminum) Lewis acid. 49 The treatment of the allyl vinyl ether 160 with stoichiometric amounts of the bis aluminum reagent 162 and 163, respectively, in dichloromethane at low temperatures for 4 hours gave the chiral aldehydes 161 in 50-92% yield with an ee of 51-85%. The absolute configuration of the products was determined via capillary GC (Scheme 45).
Scheme 45
Corey used a C 2 symmetric chiral boron reagent 164 to effect an almost complete enantioselectivity in IrelandClaisen rearrangements as key steps in natural product syntheses. 50 The anti-inflammatory agent precursor (+)-fuscol 165 and the terpenoid (+)-b-elemene 166 were constructed starting from the same precursor geranylester 168.
50b Upon treatment of ester 168 with equimolar amounts of bromo borane 164 in toluene in the presence of an excess of triethylamine, the Ireland rearrangement generated the g,d-unsaturated acid along with a minor diastereomer in about 85% yield. A 3:1 mixture of diastereomers was separated after reduction to the corresponding primary alcohols 169, the ee of both compounds was >99% (determined via chiral HPLC). The diastereoselectivity of the Ireland rearrangement was not optimized. Obviously, the internal asymmetric induction was incomplete, this could have been the consequence of an unselective vinyl double bond formation or the formation of a competing boat-like transition state. Finally, several further steps allowed the conversion of the key intermediate into the desired target molecules 165 and 166.
The diastereoselectivity was found to be significantly higher when the lactone ring contraction was conducted by means of an enantioselective Ireland rearrangement. 50a The fifteen-membered lactone 170 was treated with the chiral diazaborolidine (L*) 2 BBr 164 in the presence of Barton's base. 51 The ring contracted carbocycle 171 was isolated in 86% yield with >97:3 diastereoselectivity and >98:2 enantioselectivity. Obviously, the medium sized ring framework enforced the generation of a defined enolate geometry, which finally effected the high internal asymmetric induction. The so-obtained material served as a key compound in the synthesis of marine diterpenoid dolabellatrienone 167 (Scheme 46).
Scheme 46
Enantioselective aromatic Claisen rearrangements were developed by Taguchi using the Corey diazaborolidine. 52 Planning such a conversion additional complications had to be considered. On one hand the reaction should be regioselective (ortho-selective), on the other hand so-called abnormal Claisen rearrangements should be efficiently suppressed. Various catechol monoallyl ethers fulfilled these prerequisites. The formation of 3-allyl catechol derivatives 173 from 172 with complete regioselectivity and up to 99% ee using the p-tosylamide auxiliary 164 (2), the 3,5-bis-(trifluoromethyl)-phenylsulfonamide 164 (1) gave more moderate results. The first step of the reaction was thought to be the formation of the boron ester with the catechol OH group effecting an intramolecular reaction. 53 Since the Lewis acidity of the boron should be almost maintained and a rigid five membered complex formed, the rearrangement should occur as the second step. The stereochemical outcome could be rationalized by arranging the phenylsulfonate next to the a-phenyl of the fivemembered ring in such a manner, that the aryl substituent shielded one face of the catechol. Hence, the allyl group attacked the opposite face, and the formation of a chairlike transition state led to the enantioselective generation of the new carbon center. The absolute configuration of the new stereogenic center in 173 was determined by the olefin geometry of the reactant 172 in the presence of the chiral auxiliary. The E-olefin caused one configuration, the Z-olefin caused the inverted absolute configuration of the nascent benzyl position of the product 173 (Scheme 47).
Scheme 47
Considering the importance of fluorinated compounds in the field of medicinal chemistry, the applicability of the enantioselective aromatic Claisen rearrangement has been extended to aliphatic difluorovinyl allyl ethers 174. Again, the o-phenol function effected the formation of a boron ester leading to an intramolecular reaction. The soformed six-membered complex should guarantee a high asymmetric induction but in the present case, the combination of auxiliary 164, olefin geometry and substituent R caused an extended variation. However, the method allowed smooth generation of a set of optically active fluorinated compounds 175. Until now, the removal of the anchor phenol group was very difficult (Scheme 48, 
Scheme 48
The Ireland variant is known to be one of the mildest Claisen rearrangements thus promising high stereoselectivities when generating new C-C bonds. Focusing on the reaction of a-hydroxy and a-amino acid allylesters the initial deprotonation step led to the corresponding ester enolate, whose geometry was directed towards the cisarrangement of enolate O and a-heteroatom in the presence of a chelating Lewis acid. Considering the fact that the Lewis acid offered at least two additional binding sites, these positions could be occupied by a chiral bidentate ligand. Hence, chiral information was placed next to the sigmatropic rearrangement system optimizing the chance of inducing a high degree of asymmetric information into the nascent unsaturated carboxylic ester. The Kazmaier group investigated the scope and limitations of such a strategy focusing on the syntheses of optically active non-natural amino acid derivatives 177. 43a,54 Based on the first findings in the field of rearrangements of O-allyl glycine derivatives in the presence of metal salts, 54h several combinations of Lewis acids and chiral ligands have been tested for the chelate-Claisen rearrangement of N-trifluoroacetyl glycine crotylester.
54g Generally, a chair-like transition state was postulated, the defined enolate geometry led always to the anti-product as a result of the high internal asymmetric induction. The variation of the chiral ligand allowed the absolute configuration of the product 177 to be determined (Scheme 49). While the pair (-)-phenylglycinol/(-)-valinol failed to achieve any external asymmetric induction, the pair (-)-ephedrine/(-)-pseudo ephedrine resulted in the formation of both enantiomers, with only 10-30% ee. In contrast, the use of quinine/quinidine or chinchonidine/chinchonine was found to be much more effective: up to 86% ee in favor of the major enantiomer 177 was achieved. A final re-crystallization gave rise to the enantiopure product 177. The careful choice of the metal salt was mandatory in terms of a high enantioselectivity. Most Lewis acids (ZnCl 2 , BCl 3 , MgCl 2 , EtAlCl 2 , CaCl 2 ) resulted in high chemical yields but the ee was moderate. Best results were achieved conducting the reaction in the presence of Al(i-PrO) 3 and Mg(OEt) 2 . It was noteworthy, that the metal salt was capable of accelerating the rearrangement in the absence of the chiral ligand, too. Thus, it was recommended to always use an excess of the chiral auxiliary. Varying the Nprotecting group, the initially employed trifluoro acetamides and the pentafluoro benzamides gave the best results in terms of yield and enantioselectivity. The use of Cbz, BOC, Bz, Ac, and Ts were found to be less applicable. In summary, best results concerning yield and selectivity were achieved conducting the chelate-IrelandClaisen rearrangement of 178 with LiHMDS as the base, TFA as protecting group, Al(i-PrO) 3 as metal salt and the quinine/quinidine as the ligand, to generate one chiral Callyl glycine 179 and, likewise, the corresponding antipode (Table 15) . Finally, first attempts at generating tertiary amino acids 179 (R 3 H, Table 15 , entries 19-21 resulted in a smooth reaction with a high diastereoselectivity. In contrast, the enantioselectivities were significantly decreased to about 10% in the acyclic example (entry 19) and to 33% for the rearrangement of the lactams (entries 20, 21) (Scheme 50). uct. Preferentially, zinc chloride (allyl sulfides and allylethers) 13 and trimethyl aluminum (allyl amines) 14 were used. MacMillan 55 investigated the intermolecular azaClaisen rearrangements treating N-allyl morpholines 180 with glycolic acid chlorides 181 in the presence of a chiral-chelated Lewis acid. So termed 'magnesium BOX' systems 183 and 184 gave the best results concerning yield (up to 95%) 56 and chirality transfer (up to 97% ee) generating the amides 182. Usually, 2-3 equivalents of the chiral metal complex had to be employed to achieve satisfactory ee values. The glycolic acid framework seemed to play a crucial role in terms of asymmetric induction: a non-chelating a-oxygen substituent R 3 produced amides 182 with only moderate enantiomeric excess. In contrast, the use of benzyloxy acetyl chloride allowed very high ee values to be achieved. It seemed reasonable, that this a-oxygen substituent enabled an efficient chelation of the chiral modified Lewis acid causing the high level of external chirality transfer. The substitution pattern of the allyl morpholine remained variable, the use of E-and Z-olefins, led to the defined formation of enantiomeric amides 182 with comparable asymmetric induction. Scope and limitations have been outlined in Table 16 . Until now, the catalytic enantioselective of the Claisen rearrangement involving sub-stoichiometric amounts of the chiral information has remained unknown (Scheme 51). 
Scheme 51
Catalytic Enantioselective Claisen Rearrangements
Catalytic enantioselective Claisen rearrangements can be seen as the high end of a long period of extensive developments of the [3,3]-sigmatropic reaction intending to achieve an efficient external asymmetric induction. 57 The first prerequisite is that the catalyst must act in at least sub-stoichiometric amounts during the course of the process. A turn over number >1 required an efficient complexation directly to the reactant, a significant decrease of the activation energy of the sigmatropic reorganization of the bonds (to suppress non-catalyzed, racemic background reactions and to enhance one diastereomorphic reaction path to achieve a high asymmetric induction), and a reliable decomplexation of the newly formed product enabling the catalyst to accelerate another rearrangement. As described in the previous chapter 5 it appeared extremely difficult to fulfill all of these requirements. Especially, as the more favored complexation of the product over the reactants turned out to be hard to circumvent. Hence, most rearrangements using chiral Lewis acid arrays were run stoichiometrically with respect to the activating agent.
First catalytic processes including Claisen rearrangements had been planned as tandem, domino, and consecutive reactions: an initial enantioselectively catalyzed step generated the allyl vinyl backbone for the consecutive sigmatropic rearrangement. Since the allyl subunit constructed could have including a defined stereogenic center, the final rearrangement could profit from the wellknown 1,3 chirality transfer.
First contributions were published by Nakai and Trost, who developed palladium-catalyzed allylation [3,3]-sigmatropic rearrangement reactions. 58 The first step of the sequence was the formation of the allyl vinyl ether. Nakai reported an in situ enol ether exchange starting from allylalcohol 185 and naphthyl methyl ether 186. Vinylethers underwent a palladium(II)/Brönsted acid-catalyzed allylation. At room temperature palladium(II)-catalyzed an immediate [3,3]-sigmatropic rearrangement to form the g,d-unsaturated ketones 187. The stereochemical outcome could be rationalized by the formation of a metal stabilized boat-like transition state generating the product anti-187. In the absence of any palladium, the well known Claisen rearrangement (chair-like transition state) was found upon heating the intermediate to about 100°C giving syn-187. 59 Employing an optically active allyl alcohol as reactant of the transetherification, the final Claisen rearrangement delivered the ketone anti-187 via the well known 1,3 chirality transfer with 70% ee. Disappointingly, the 1,4-chirality transfer from 188 synthesizing 189 was found to be very low (<2% ee) indicating an inefficient internal asymmetric induction (Scheme 51).
The Trost group developed palladium-catalyzed enantioselective allylations:
60 phenol 190 and carbonate 191 were reacted in the presence of catalytic amounts of Pd(0) and the ligand 192 to generate the allyl vinyl system 193 bearing a defined stereogenic center. The Claisen rearrangement for the construction of 194 was carried out as an independent second step profiting from a high degree of 1,3-chirality transfer. Conducting aromatic Claisen rearrangements, some loss of the chiral information was observed because of the facile breaking of the allyl O bond in 193 before creating the new C-C bond. The so formed intermediate cation tended to undergo racemization. 61 A careful optimization of the reaction conditions in combination with the choice of a suitable Lewis acid system was mandatory to obtain optimum results. Generally, the rearrangements involving cyclic allyl ether subunits resulted in the formation of single stereoisomers, whereas the reaction involving the open chain allylether resulted a mixture of E-and Z-olefins (Scheme 53). with high yield and a high enantiomeric excess as a result of efficient 1,3-chirality transfer. The method allowed ketones bearing an adjacent stereogenic chiral center with a defined configuration to be generated. Further transformation enabled highly substituted cyclic ketones to be produced via this short sequence (Scheme 54).
Scheme 54
Diazoketones 203 reacted with allylacohols 204 in the presence of a rhodium(II)-catalyst. 62 The reaction could be described as an addition of an alcohol to a carbenoid generating an intermediate Z-enol. The double bond geometry arose from an intramolecular hydrogen shift from the attacking alcohol to the nascent enolate oxygen. The so-formed allyl vinyl system underwent a final Claisen rearrangement to give an a-alkoxy ketone 206. 63 Due to the formation of a defined enol geometry, the use of an optically active allyl alcohol 204 gave rise to the formation of a chiral product ketone 206, too, via a chair-like transition state. Best yields and ee's were obtained by reacting doubled stabilized a-diazo b-ketoesters 203, significant amounts of the ketone 205 were found, when the substitution pattern of the allyl moiety effected a severe deceleration of the Claisen rearrangement. Monostabilized adiazo ketones 203 and 208 (replacement of the CO 2 Me against other substituents as aryl, alkyl) underwent allyl alcohol insertion Claisen rearrangement processes under similar conditions to allow the synthesis of a variety of useful substrates. One of these compounds was used as a key intermediate in a total synthesis of (+)-latifolic acid 207. Additionally, propargyl alcohols 209 were tested concerning their applicability in the insertion rearrangement sequence to synthesize chiral allenes 210 and 211. However, the reaction depended strongly on the conditions applied, competition of [2,3]-and [3,3]-sigmatropic rearrangement complicated the reaction concerning the stereochemical outcome (Scheme 55).
Recently, a reduction-Claisen rearrangement tandem process was published.
64 Until now, no enantioselective variant has been described, but the method exhibits some potential in this regard. a,b-Unsaturated O-allyl esters 212 underwent a chemoselective homogenous hydrogenation (hydrosilylation) in the presence of a Rh(II) catalyst. The so formed intermediate silyl ketene acetal underwent a final Ireland rearrangement at room temperature. Since the vinyl double bond of the ketene acetal was generated with E-geometry, the process produced the anti-product 213 with high diastereoselectivity (Scheme 56).
Scheme 56
Exactly the opposite strategy of an initial aromatic Claisen rearrangement and a consecutive enantioselective carboalumination was developed by Wipf as a new water-accelerated tandem process. 65 Aryl vinyl ethers 214 underwent aromatic trimethyl aluminum mediated [3,3]-sigmatropic rearrangements. In the presence of catalytic amounts of Erker's chiral zirconocene derivative 215, the intermediate olefin 216 underwent an immediate enantioselective methyl alumination. The so formed alkyl-metal species was finally oxidized (O 2 ) to give the optically active carbinol 217. Stoichiometric amounts of water were found to accelerate both, the rearrangement and the carboalumination. A set of 3-aryl-2-methyl propanols 217 was synthesized in 29-78% yield with 60-90% ee. Additionally, the first ethylalumination was successfully carried out to give 3-aryl-2-ethyl propanol in 40% yield and 92% ee (Scheme 57).
The first successful enantioselective catalytic Claisen rearrangement for the construction of newly defined C-C bonds was published by Hiersemann. 66 Firstly, careful optimization of a catalytic racemic analog was conducted converting a-alkoxycarbonyl allylenol ethers 218 into the corresponding unsaturated a-keto esters 219/220 (racemic) in the presence of a variety of Lewis acid systems. Since copper(II) triflate was found to be an effective cat-
Scheme 55
alyst, an asymmetric variant of the Claisen rearrangement was tested with Cu(OTf) 2 /BOX systems (BOX = bis-oxazoline). Upon treatment of suitable rearrangement systems 218 with 0.5-10 mol% of Cu(II) BOX catalysts, the conversions gave the corresponding a-ketoesters 219/220 with excellent chemoselectivity and a high catalyst derived enantioselectivity. The variation of the substituent X (t-Bu, Ph: attractive interactions between Ph and ester C=O) allowed the selective synthesis of ester 219 and 220. Furthermore, the competing 1,3-rearrangement products were hardly detectable. The reaction conditions tolerated a variety of alkyl and alkenyl substituents. The stereochemical outcome could be explained by the formation of a chair-like transition state arranging the Cu(II) as a chelate between allyl ether and side chain ester carbonyl oxygen. The C 2 symmetric BOX ligand should force the allyl subunit to attack the face anti with respect to the nearest oxazoline-R causing the high external chiral induction as observed during the course of the process. The internal asymmetric induction was moderate due to rearrangement of the E-allylethers. In contrast, the corresponding Z-systems led to remarkable syn-selectivity allowing the generation of two new neighboring stereogenic centers by means of a catalyst controlled induction. Finally, the catalyst could be removed by a simple filtration enabling an almost facile recycling. These findings represented a very good basis for further developments of enantioselectively-catalyzed Claisen rearrangements. Detailed information is given in Table 17 (Scheme 58).
Starting from Z-neryl and E-geranyl enolether systems 221, the enantioselective Claisen rearrangement generated a-keto d,e-unsaturated esters 222 as intermediates, incorporating the highly efficient Cu(OTf) 2 /BOX systems.
In the present case, the terminal olefin and the a-ketoester moiety underwent a final Lewis acid-catalyzed carbonyl ene reaction to give the cyclohexane derivatives 223/224. Such a domino process was characterized by a high yield, an acceptable diastereoselectivity, and an excellent enantioselectivity overall (Scheme 59, Table 18 ).
Pioneering work in the field of enantioselective catalytic imidate rearrangements was reported by Overman. 67 Since palladium(II) complexes were known as reliable catalysts for O-allylimidate 225 and N-allylamide 228 rearrangements, such conversions were assayed in the presence of chiral metal ligands 229-233. The reaction mechanism was a two-step process -initial complex formation of 226/235 through intramolecular amino palladation of the double bond (oxidative addition) to give 227/ 236 and a final reductive elimination to generate the Claisen rearrangement type product amide 228. Extensive variation of the catalysts and the reaction conditions improved the usability of chiral 1,2-diamines 229 prepared from L-(-)-proline. The activity of the complex was increased by exchanging one chloride counterion for the more easily removable tetrafluoroborate. Best results were obtained for the rearrangement of amidate 225 into amide 228 in 69% yield with 55-60% ee by employing 5 mol% of the palladium(II) catalyst. The elimination of the imidate especially in the presence of more basic catalysts and the [1, 3] -rearrangement were considered as the major competing processes.
Replacing the chiral 1,2-diamino ligand 229, by a ferrocenyl methyl amino analog 230, the yield increased to 98% when the process was run at room temperature, but the ee obtained remained moderate (60 ± 2%). The more easily accessible and more stable ferrocenyl imine derivatives 231 gave a somewhat higher enantioselectivity of up to 73% (counterion: trifluoro acetate), however, the yield and the ee strongly depended on the preparation of the catalyst and tended to show some variability. Actually, the high end of catalytic enantioselective rearrangement of allyl imidates can be achieved using chiral oxazoline ferrocenyl palladacycles 232 and 233 as activating metal complexes. Treatment of the standard E-and Z-imidates 234 with 5 mol% of the catalyst in dichloromethane at room temperature, provided S-amide 237 in 57% yield and 79% ee (from E-234) and R-amide 237 in 67% yield and 91% ee (from Z-234). Varying the aryl substituent as well as the imidate substitution pattern, resulted in ee values of up to 96%. Always, the Z-allylimidates gave the better results in comparison to their E-analogs, E-and Zreactants 234 caused the formation of the opposite enantiomeric products 237 using the same catalyst system. Though the removal of the N-aryl moiety remained still somewhat problematic, the process was applied to the synthesis of a variety of optically active allyl amines. Detailed information is given in Table 19 (Schemes 60, 61).
Recently, Kang introduced two new palladacycles 238 and 239, which have been prepared from chiral ferrocenyl-bis oxazolines in several steps. 68 Rearrangement of allyl imidates 234 led to the corresponding amides 237, yield and ee of these conversions was found to be comparable or somewhat higher to that reported by the Overman group (Scheme 61, Table 20 ).
The promising preliminary results of the Overman group stimulated further efforts concerning the asymmetric imidate rearrangements focussing on ligand tuning.
69
Leung synthesized three palladacycles 242-244, basing on chiral phenylethyl amine, which were tested on the rearrangement of O-crotyl imidates 240 to amide 241. Benzyl 242 and naphthyl derivatives 243 gave disappointing enantioselectivities (4-13% ee). In contrast, the phenanthrene substituted material 244 allowed the corresponding amide 241 to be produced in up to 79% ee, when the rearrangement was carried out in benzene in the presence of 10 mol% of the catalyst (Scheme 62). Scheme 60
Uozumi and Hayashi tested a series of chiral oxazoline substituted ligands 246 in the palladium(II)-catalyzed rearrangement of imidate 245. A diphenylphospinophenyl oxazoline 246 was the most stereoselective species allowing chiral N-allylamides 247 to be obtained in 70% ee starting from the reactant 245 bearing a linear side chain (R = n-Pr) and up to 81% ee when the R group was isopropyl. Consistent with the Overman results, basic catalysts stimulated the competing elimination of the imidate 248. A lower reaction temperature led to a slightly increased enantioselectivity (Scheme 63).
Scheme 63
Tridentate chiral ligands for palladium(II)-catalyzed imidate rearrangements were introduced by Zhang. The best results were reported for the reaction of 249 in the presence of 10% bisoxazoline palladium(II) complex 250 in dichloromethane or dichloroethane generating amide 251.
Extensive variation of the ligand as well as the reaction conditions led to lower yields, ee-values and to the formation of side products (elimination, [1, 3] -rearrangement) (Scheme 64).
Scheme 64
Optically active allyl thiols 254/255 could be synthesized by means of a enantioselective catalytic thionester thiolester rearrangement using palladium(0) catalysts. 70 In analogy to the imidate rearrangements chiral ligand systems 192 (Scheme 47) effected an efficient external chiral induction. Racemic O-allyl thiono carbamates 252 and 253 were treated with 2.5-7.5 mol% of the catalyst system to give the rearranged S-allyl carbamates 254/255 with up 
Scheme 62
to 93% yield and up to 92% ee. The reactions of a variety of racemic cyclohexenol thionocaramates 253 (n = 1) were characterized by a somewhat higher yield and enantioselectivity, respectively, even in the presence of decreased catalyst concentrations of 1.25-2.5%. Additionally, the rearrangement of the cycloheptenol derivative 253 (n = 2) proceeded in 94% yield and 92%ee. Details are outlined in Table 21 . Since the carbamate function was known to be an easily removable protecting group, a variety of optically active allylthiols could be constructed as usable chiral starting materials. The mechanism of the reaction was explained as an initial formation of a symmetric palladium allyl cation complex. In the presence of the chiral ligand the reorganization proceeded by attack of the sulfide anion. The stereochemical outcome could be summarized as a catalyst-controlled desymmetrization of a prochiral allylic cation forming the thio Claisen rearrangement type products 254/255. A crossover experiment supported this postulated reaction path: the rearrangement of a mixture of two different thiono carbamates in the presence of the catalyst gave the expected carbamates as well as the carbamates with exchanged allyl moieties. Initial experiments improved the usability of the method in solid-phase reactions (Scheme 65).
Scheme 65 7 Asymmetric Cope Rearrangements
The extensive use of the Cope rearrangement suffers from the fact, that such a process is generally regarded as reversible. This special character has always to be taken in account when planning a stereoselective conversion to generate new stereogenic centers. Additional requirements have to be considered to guarantee the unique sense of the process. The reaction can be directed by introducing an additional defined driving force: the loss of ring-strain, the ion stabilization in oxy-and aza-Cope reactions, and the inclusion of the [3,3]-sigmatropic reaction as one step in a domino process (such as aza-Cope-Mannich and aldol-oxy-Cope and reverse) 71 leading to a defined stable product.
Asymmetric variants of the Cope rearrangement have often been conducted as one step in a cascade of consecutive conversions. In most cases, the reactant right before the rearrangement was characterized by at least one chiral center in the sigmatropic core system. Hence, the stereochemical outcome of the reaction was explained as the result of the well-known [1, 3] -chirality transfer originating from the formation of a highly ordered (chair-like) transition state. Consequentially, the asymmetric induction directed the formation of the reactant, the outcome of the Cope rearrangement can be seen as an (indirect) after effect. On the other hand, one crucial limitation should be mentioned: analyzing the transition state in the absence of steric effects, little selectivity between the quasi-axial and quasi-equatorial positioned heteroatom anion (especially oxygen) was expected. This effect caused low levels of stereoselectivity during the course of (oxy)-Cope rearrangements. The aid of an additional stereodirecting subunit was recommended in such cases to achieve sufficient stereochemical results. 72 Focussing the contents of this review strongly on asymmetric Cope processes, only a few examples remain to be considered. Hence, several tandem processes are included which incorporate the introduction of chirality and a Cope rearrangement in direct consecutive steps. 
Remote Stereocontrol in Cope Rearrangements
With the intention of achieving maximum asymmetric induction via remote stereocontrol, the chiral information should predominantly be placed in the neighborhood of the nascent chiral sigma bonds formed during the course of the rearrangement. Always, the formation of a single defined transition state conformation caused a highly selective reaction. 73 Optically active strychnan-and aspidospermatan-type alkaloids have been diastereoselectively synthesized by Kuehne starting from an enantiopure tryptophan derivative 256. 74 The key sequence involved a cascade of a condensation (256®a®b), a [3,3]-sigmatropic rearrangement (c®d) and a termination by a Mannich type cyclization (e®f®257). The tryptophan stereogenic center directed the stereochemical outcome of the domino process by means of efficient remote control. The tetracyclic product was found as a single diastereomer 257 (variable R), respectively. Finally, the removal of the benzyl ester group succeeded via hydrogenolytic cleavage, conversion into the nitrile, elimination, and reduction of the iminium salt to give the enantiopure indole derivative 258.
The tetracyclic compound 258 served as a versatile optically active key compound in the synthesis of (-)-20-epilochneridine and (-)-strychnine (Scheme 66).
The amino sugar 260 was synthesized starting from an Ngalactosyl derivative 259. 75 After an initial Lewis acidmediated ring opening an iminium salt a formed which underwent an immediate aza-Cope rearrangement. The most stable iminium salt b thus formed determined the unique sense of the process. The resulting chain elongated sugar derivative 260 was obtained diastereoselectively with a high yield (99%) (Scheme 67).
Scheme 67
The synthesis of tryprostatin B involved an aza-Cope rearrangement as one key step. 76 After investigating the best reaction conditions running test sequences in the racemic series, the L-tryptophan derivative 261 was treated with BF 3 ·OEt 2 . The product ester 262 was obtained in 61% yield without any racemization. The regiochemical outcome was formally rationalized as two consecutive [3,3]-and [3,5]-rearrangement steps. 77 The product served as a key compound in a tryprostatine B synthesis described earlier (Scheme 68).
Scheme 68
A tandem reaction of an initial Diels-Alder cycloaddition and a consecutive Cope rearrangement was published by Serrano. 78 The manno and galacto -nitrocyclohexadienes 263 and 266 underwent highly endo-selective DielsAlder additions to cyclopentadiene 264. Continued heating of the intermediates resulted in Cope rearrangements to give the more stable tricyclic systems 265 and 267. The sugar moiety could be removed by an oxidative cleavage to yield the corresponding aldehydes (S c =CHO, Scheme 69). 
Auxiliary Control in Cope Rearrangements
By analogy to the strategy described for the Claisen rearrangements, the auxiliary controlled [3,3]-sigmatropicCope reaction represented an almost classical approach to introduce chiral information into a more complicated system. The major advantage is reliable control over the stereochemical outcome of the reaction: all products are diastereomers. However, the reversibility of the rearrangement must be taken in account and the auxiliary strategy requires two additional chemical transformations. High yields and avoidance of stereochemical problems are the prerequisite of each step. Furthermore, the synthesis and the recycling of an auxiliary have to be taken in account. Overall, the advantages and disadvantages must be weighed up before deciding on an auxiliary strategy. Again, the unique sense of the reaction has to be carefully planned: most Cope rearrangements have been incorporated as one step in a tandem sequence.
An auxiliary directed aza-Cope rearrangement was described by Agami as a key step in the synthesis of (-)-allokainic acid 272. 79 The R-alaninol derivative 268 was condensed with glyoxal to give an intermediate N-allyl iminium salt 269. The so induced aza-Cope rearrangement delivered an enolate 270, which then attacked the newly formed iminium salt terminating the tandem process. The final Mannich type cyclization generated the pyrrolidine 271 ring bearing the correct configurations of all stereogenic centers of the target 272 (Scheme 64).
An asymmetric menthone-monitored crotylation of aldehydes was developed by Nokami. 80 Upon treatment of chiral menthone 274 with crotyl magnesium chloride 273, the Grignard adduct 275 was isolated in good yield from a mixture of diastereomers. This special crotyl donor 275 was then reacted with 3-phenyl propanal (276) (R = PhCH 2 CH 2 ) in the presence of a Lewis and a protic acid to give the homoallyl alcohol 280 in a good yield and a high ee. The reaction mechanism was rationalized as initial formation of a hemi-acetal 277, after an acid catalyzed dehydration an oxonium ion 278 was generated, which rearranged adopting a chair-like transition state in an oxonia-Cope type [3,3]-sigmatropic process. 81 Finally, the resulting more stable oxonium ion 279 was cleaved to give the menthone 274 and the optically active homoallyl alcohol 280. Varying the side chains of the reactant aldehyde 276, the scope and limitations of the process were tested. The reactions of benzaldehyde 276 (R = Ph) and saturated aldeydes 276 gave good yields and excellent enantioselectivities. In contrast, a,b-unsaturated aldehydes did not lead to the analogous alcohols 280 (Table 22 , entries 7, 8). However, initial efforts to create an asymmetric allylation involving the corresponding 1-allyl menthol resulted in only moderate enantiomeric excess (Table 22 , Scheme 71).
Scheme 71
The so called amino-Cope rearrangement was exploited by the Allin group. 82 The process could be described as a cascade consisting of an initial [3,3]-sigmatropic reaction of an 3-amino 1,5-diene 282 to give an intermediate enamine 283, which was finally treated with an electrophile to generate an d,e-unsaturated aldehyde 284 (3,3). The second step made the whole process irreversible. As a matter of principle, up to three consecutive asymmetric centers could have been introduced with a high diastereoselectivity and a high yield. While the thermal conversion of tertiary amines 281 (replace NH by NR) required high temperatures of >180°C, the corresponding secondary amines 281 rearranged at room temperature after an initial deprotonation with n-BuLi (anionic amino Cope rearrangement). 83 The reaction mechanism of the anionic
Scheme 70
variant seemed to be strongly dependent on the reaction conditions employed. Theoretical calculations gave a favored two-step pathway for the rearrangement: 84 initially, the anion 282 dissociated to give allyl anion 285 and an a,b-unsaturated imine 286, which recombined by means of a Michael-type process to give the product 287. This latter dissociative mechanism was supported by the formation of equal amounts of the 3,3-and the 1,3-rearrangement products 284 in the reaction of diene 281. The 3,3/ 1,3-rearrangement product ratio formed depended on the solvent system used, in a more polar system like THF and THF-HMPA, the dissociation mechanism was favored delivering predominantly the 1,3-product 284 (1,3) . In contrast, in toluene and hexane, respectively, the 3,3-product 284 (3,3) was isolated as the major compound indicating a concerted pathway (Scheme 72).
Scheme 72
Focusing on asymmetric variants of the amino-Cope rearrangements, the directing ability of bulky auxiliary amine substituents reacting chiral 3-amino 1,5-dienes 289 was checked. After treatment of cinnamaldehyde 288 with an enantiopure 2-amino alcohol 289 an oxazolidine 290 (equilibrium with 291) was formed which was immediately allylated by means of allyl magnesium bromide to give the 1,5-diene 292. The amino dienes 292 were obtained in high yields (60-78%) and high auxiliary derived diastereoselectivities of 82-97%. The final anionic aminoCope rearrangement delivered the oxazolines 295 (via 293 and 294) right after the work-up procedure. The auxiliary amino alcohol could be removed by chromatography on silica gel to provide the desired aldehydes 296 in 53-65% yield and up to 94% ee. Detailed information is outlined in Table 23 (Scheme 73) The d,e-unsaturated aldehydes 296 obtained served as useful precursors to synthesize optically active 2,5-disubstituted tetrahydropyrans.
Scheme 73
The combination of a dienolate allylation and a consecutive Cope rearrangement gave rise to the formation of a,bunsaturated g-chiral carboxyl compounds. 85 In the first step N-pentenoyl camphor sultams 297 and 298 were deprotonated with a strong base and the so formed dienolates were subsequently treated with allyl bromide. The aallyl b,g-unsaturated imides 299 and 300 were obtained with a high auxiliary directed diastereoselectivity with respect to the newly formed stereogenic center, the b,g-double bond in 299 was preferentially Z-configured (Z/ E 78:22, 88:12 after recrystallization). E-Derivatives were selectively generated by converting the corresponding 298 into the allylated compound 300. 86 The thermolysis of the 1,5-dienes, induced the Cope rearrangement. The unique sense of the reaction was guaranteed by constructing the more stable a,b-unsaturated imides 301. The stereochemical outcome could be explained by the formation of a chair-like transition state, while the bulky auxiliary containing substituent adopted the pseudo equatorial position. The E-configured starting material 300 supplied resulted in a single diastereomer (R)-301 in high yield. In contrast, the diastereoselectivity upon rearrangement of the Z-olefin 299 gave rise to the formation of a 85:15 mixture of products (S)-301 and (R)-301. Obviously, the formation of the transition state including an axial positioned substituent caused lower selectivity. However, the material so-obtained was used as a key compound in the synthesis of the side chain of zaragozic acid A (Scheme 74).
Scheme 74
In addition to the allylation-Cope rearrangement, Nakai investigated an auxiliary directed aldol-silyloxy-Cope rearrangement. 87 Here, the deprotonated sultam imines 302 and 303 were treated with croton aldehyde, to give the aldol adducts 304 (OH) and 305 (OH), respectively with E and Z double bonds in analogy to the allylations described above (chiral boron dienolate strategy). Subjecting these materials to thermal oxy-Cope rearrangement conditions resulted in retro aldol processes predominating. Thus, the aldol adducts were converted into the corresponding silyl ethers 304 and 305 prior to the rearrangement. Upon heating to about 210°C the silyloxy-Cope rearrangement delivered the corresponding a,b-unsaturated g,d-chiral imido aldehydes syn-306 and anti-306. The formation of a chair-like transition state with minimal 1,3-diaxial repulsive interactions led to a high yield and an excellent diastereoselectivity when the E-configured material 305 reacted. In contrast, Z-304 delivered a somewhat lower yield as well as lower selectivity because of the formation of a sterically more demanding transition state (Scheme 75).
Scheme 75
The auxiliary directed reaction of terminally unsubstituted dienolates avoided any geometry problems with the double bond. Nakai as well as Black and Schneider succeeded in generating diasteromerically pure oxazolidinone 309 (A) and sultam imide derivatives 310 (B) via the aldol reaction with 307 and 308, respectively. 88 The final thermal oxy-Cope rearrangement enabled the synthesis of a,b-unsaturated g-chiral imides 311/312 in high yield and with a high auxiliary induced diastereoselectivity. Again, any competing retro-aldol reactions could be suppressed protecting the intermediate carbinols 309/310 as silyl ethers (Scheme 70).
Scheme 76
Paquette investigated the auxiliary directed 1,5 asymmetric induction when two equivalents of vinyl anions were added to squarate esters 313 synthesizing enantioenriched bicyclo octanone derivatives 321. 89 Generally, such consecutive addition cascades with 314 and 315 gave rise to the formation of 1,2-trans divinyl adducts. An electrocyclic ring opening ring closure process and a final transannular addition gave the product enantiomers 321 in a 2:1 ratio. An alternative pathway could occur via the intermediate 1,2-cis-divinyl adducts 317 and 318: after addition of the dihydrofuran anion 314 to the squarate 313 the formation of the racemate 316 resulted. The consecutive addition of the auxiliary derived anion 315 caused some synaddition (Li-chelation effect of the ether oxygen). The soformed cis-adducts 317 and 318 underwent a dianionic oxy-Cope rearrangement passing through a highly ordered boat-like transition state to give 319 and 320, respectively. A final transannular ring closure delivered the enantioenriched products 321. The stereochemical outcome was carefully exploited by means of deuterium labeling experiments. Depending on the auxiliary amine subunit, up to 35% ee could be achieved via oxy-Cope and electrocyclic reaction cascades, respectively (Scheme 77).
Scheme 77
8-Oxabicyclo[3.2.1]octene derivatives 324 served as useful intermediates for the total syntheses of a variety of natural products such as nonactic acid, pyrrolizidine alkaloids, furane ethers, etc. An enantioselective access to the core fragment was established as the Davies [3+4]-cycloaddition sequence. 90 The cyclopropanation-Cope rearrangement process could be directed either by means of a chiral auxiliary or by a chiral catalyst to generate optically active material. The auxiliary series started from vinyl diazo acetate 322 and furan 323. The choice of the auxiliary X C [(S)-lactate or the (R)-pantolactonate] enabled the generation of one bicyclooctene 324 and the enantiomer with respect to the new stereogenic centers. The de values varied between 57% and 94%. The removal of the ester succeeded by transesterification and reduction, respectively. Details are given in Table 24 (Scheme 78).
Scheme 78
Catalyst Control in Cope Rearrangements
Catalytic-enantioselective Cope rearrangements are still far from being exhausted. In analogy to the Claisen rearrangements such external asymmetric induction requires catalyst systems that act in at least sub-stoichiometric amounts during the course of the process. 91 Considering the reversibility of Cope rearrangements, the situtation becomes complicated since the catalyst might accelerate the reaction in both directions. Furthermore, a successfully catalyzed-enantioselective step might be wasted by reformation of the reactants and loss of all chiral information. Hence, the Cope rearrangement was usually employed as one step in a cascade, to guarantee the unique sense of the sequence. Until now, the chiral catalyst was used to generate the rearrangement system, then, the Cope reaction proceeded via the highly ordered transition states allowing the generation of new centers by means of a complete [1, 3] -chirality transfer.
[3+4]-Cycloadditions represent an effective tool for the generation of carbocyclic and heterocyclic ring systems. Davies 92 developed catalyst directed enantioselective sequences, which coinsisted of an initial [2+1]-cycloadditions, enabling the generation of optically active cis-1,2-divinyl cyclopropanes. A subsequent Cope rearrangement proceeded with an almost complete chirality transfer via highly ordered boat-like transition states. 93 Various less constrained seven-membered ring frameworks bearing defined stereogenic centers were synthesized this way (Scheme 78).
As mentioned above (Scheme 79), the Davis cyclopropanation-Cope rearrangement process could be directed either by means of a chiral auxiliary or by a chiral catalyst to generate optically active material. 90 Intending to enhance the optical purity of the bicycle 327, first tests were conducted running the [3+4]-cycloaddition in the presence of a chiral proline type catalyst {Rh 2 [(R)-and (S)-TBSP] 4 }. While the simple material 325 (X C = OMe) could be converted into the bicycle with 80% ee, the more electron rich vinyl diazoacetate 325 (X C = OMe) gave only moderate selectivity. Upon treatment of the chiral diazoesters 325 (X C ¹ OMe) with furanes 326 in the presence of the chiral catalyst, double stereoselection aspects could be investigated. Unfortunately, no significant enhancement of the diastereoselectivities could be achieved even in the case of the matched combination. However, the isolated yield of 327 was increased up to 99%. The formation of some side products such as a very labile triene was completely suppressed (Table 25 , Scheme 80).
Scheme 80
The syntheses of the higher homologues of tropanes could be achieved by means of a regio-and enantioselective
[3+4]-cycloaddition of vinyl diazo acetates 328 and pyridones 329 as well as dihydro pyridines 330. The auxiliary directed conversions of simple vinyl diazo acetate 328 [X = (S)-lactate, R = H] and N-methyl pyridone 329 gave a low yield and a low selectivity in the construction of 331. Moderate yields and diastereoselectivities were obtained even using the matched combination of chiral catalyst [(R)-DOSP and (R)-,(S)-TSP] and auxiliary (X = Slactate, R = H), respectively. Best results concerning the ee were achieved involving the styryl diazo acetate (R = Ph) in the presence of a chiral catalyst, but the yield remained disappointingly low (Table 26 , entry 6). The use of the electron rich dihydropyridines 330 generating 332 seemed to be more promising, but the regiochemistry problem of the initial cyclopropanation had to be solved. Best results were obtained employing 4-substituted esters 328 (R ¹ H, X = OMe) and a 5-functionalized dihydro pyridine 330 in the presence of a chiral catalyst. Excellent regioselectivity was found using bulky chiral ligands, which directed the cyclopropanation to the double bond next to the nitrogen. This effect was enhanced when the subunit was placed in the 5-position of the dihydro pyridine 330. Some results are detailed in Table 26 (Scheme 81).
Scheme 81
Intramolecular cyclopropanation-Cope rearrangement tandem processes led to annulated cycloheptadienes 335 and 339 bearing up to three new stereogenic centers. Upon treatment of the all trans-diazoacetate (E)-333 with an optically active Rh(II) catalyst the corresponding carbocycles 335 (via 334) and 339 (via 338) were generated with excellent diastereoselectivity and up to 50% ee. The absolute configuration of the ring junction was found to be dependant on the substitution pattern of the diene: the methyl compound (E)-333 (X = Me) delivered the (S)-335, the hydrogen analog (E)-333 (X = H) the R configuration in (R)-339. In contrast, a cis-configured diene moiety in (Z)-333 gave rise to the formation of the trans-1,2 divinyl cyclopropane 336 unsuitable for a consecutive Cope rearrangement. However, the thermolysis induced the formation of the cycloheptadiene 339, too. Such an outcome was explained by an epimerization prior to the final rearrangement. The cyclopropane underwent an initial diradical ring opening (337) ring closure process to generate the cis-system 338. Since one stereogenic center must have been maintained during the course of the isomerization, the chiral information originating from the catalyst directed cyclopropanation was still present. Consequently, the Cope rearrangement proceeded via the well known boat-like transition state with complete [1, 3] -chirality transfer and an ee up to 93% (Table 27 , Scheme 82).
(Z)-340. The corresponding E-ester (E)-340 gave 341 with a moderate ee of 35% (Scheme 83).
Scheme 83
A variety of optically active cycloheptadienes 344 were synthesized via the enantioselective-catalyzed cyclopropanation-Cope rearrangement tandem process. With the intention of investigating the scope and limitations of this sequence, various combinations of acyclic and carbocyclic vinyl diazo acetates 342 and a set of dienes 343 were subjected to the enantioselective catalytic reaction conditions. Generally, the reactions proceeded with high regioselectivity and a high catalyst-directed enantioselectivity. Details are summarized in They are a powerful tool for constructing new C-C bonds of defined configuration, the development of a great number of versions can be accommodated to a variety of synthetic requirements and applications. 96 Even in the recent past [3,3]-sigmatropic rearrangements have been used to solve problems in total syntheses pointing to the reliability of these special transformations.
97,98 Actually, the asymmetric variants of Claisen and Cope rearrangements are gaining an increasing interest. Hopefully, this review will not only summarize the recent findings and synthetic applications in this field but also have added some interesting perspectives, which provide a firm basis for further fruitful investigations.
